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ABSTRACT 
Many urban land surface schemes have been developed, incorporating different assumptions about the features of, and 
processes occurring at, the surface. Here, the first results from Phase 2 of an international comparison are presented. 
Evaluation is based on analysis of the last 12 months of a 15 month dataset. In general, the schemes have best overall 
capability to model net all-wave radiation. The models that perform well for one flux do not necessarily perform well for 
other fluxes. Generally there is better performance for net all wave radiation than sensible heat flux. The degree of 
complexity included in the models is outlined, and impacts on model performance are discussed in terms of the data made 
available to modellers at four successive stages.  
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1. INTRODUCTION 
The increasingly urbanised global population, predicted to be nearly 70% by 2050, combined with enhanced computer 
resources, which allow greater spatial resolution to be resolved, have created greater demand for weather and climate 
information in cities. The surface morphology (existence of buildings, urban canyons), presence of impervious building 
materials, sparseness of vegetation, anthropogenic heat contributions,  and bluff body nature of the buildings, combine to 
change energy partitioning in urban areas. Land surface schemes, used within numerical models, need to account for the 
urban influences on the surface-atmosphere exchanges. However, the complexity of these schemes has to be balanced with 
computational and data demands for particular objectives (e.g. global climate modelling, operational weather forecasting). 
 Here, first results from Phase 2 of an international comparison of 25 urban land surface schemes (Grimmond et al. 
2009a,b) are presented. The fundamental requirement for the models to be included is that they model the urban energy 
balance fluxes:    Q* + QF = QH + QE + ΔQS 
The models are forced with the incoming short- (K↓) and long-wave fluxes (L↓), air-temperature, pressure, specific humidity 
and wind components. From these the outgoing radiative fluxes (K↑, L↑) and  net all wave radiation (Q*), turbulent sensible 
heat (QH), turbulent latent heat (QE), storage heat flux (ΔQS)  and the anthropogenic heat (QF) may be determined. 
Whilst many urban models have been evaluated against observational datasets, these comparisons have not been 
conducted in a controlled manner that allows robust model inter-comparison. The objective here is to do just that; to 
undertake a staged and controlled comparison of urban energy balance models and their performance. This will assist in 
determining those modelling approaches which result in the best model performance.  
 
2. METHODOLOGY 
 The methodology used here follows PILPS (Project for Intercomparison of Land-Surface Parameterization 
Schemes) (Henderson-Sellers et al. 1993). This allows the relative importance of key parameters to be determined and 
provides for an assessment of the level of model complexity required for optimal performance. Individual groups run their 
model(s) ‘offline’ using forcing data provided to allow the performance of the land surface schemes to be examined while 
the atmospheric conditions are fixed and not a function of the performance of a larger scale model.  
 Results presented here are for the first four stages of Phase 2. Phase 1 results are provided in Grimmond et al. 
(2009). In Phase 2/Stage 1, participants were provided with 15 months of forcing data from an urban site (here termed 
“alpha”) (Table 1). At subsequent stages, additional site information was provided (Table 1): Stage 2 - pervious/impervious 
fraction, Stage 3 - urban morphology, and Stage 4 -urban materials. From the information provided, further parameters 
potentially could be derived if needed by individual modelling groups 
The models are classified using eight characteristics (Table 2) (see Grimmond et al. 2009b for more details). Each 
model was assigned a random identifier number so that model performance is anonymous but class performance can be 
seen.  Here the last 12 months of the data set are analysed to allow an initialisation or ‘spin-up’ period for the models. This 
includes 8520 30-min periods when all fluxes are observed. Statistics used to compare the models include the root mean 
square error (RMSE), systematic RMSE (RMSEs) and unsystematic RMSE (RMSEu). 
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Table 1: Data provided at each stage of Phase 2. 
Stage Category Data provided 
1 Observations K↓, L↓, air temperature, station pressure, specific humidity, wind components, rainfall 
Site Latitude, Longitude, Measurement height: 6.25 mean roughness height 
2 Plan area fraction Pervious, Impervious. 
3 Heights Instrument height, roughness length for momentum, maximum height of roughness elements, mean 
building height, height:width, mean wall to plan area 
Plan area fraction Buildings, concrete,  road, vegetation (excl. grass), grass and other (bare, pools)  
Other Urban climate zone; population density 
4 Material characteristics Thickness, specific heat, volumetric heat capacity, thermal conductivity, type: road, roof and wall layers 
 
Table 2: Description of model classes and number of models (in Stages 1-4, and their capability, Cap) included in the model 
comparison in Phase 2, for each stage (modified from Grimmond et al. 2009b). 
 Class Cap 1 2 3 4 Representation 
1 Vegetation (V)      
 
 Not included (n) 7 10 7 7 7 
  Separate tile (s) 16 13 16 16 16 
  Integrated (i) 2 2 2 2 2 
2 QF (AN)      
 
 Negligible or ignored (n) 9 15 15 15 15 
  Prescribed (p) 5 2 2 2 2 
  Internal Temp. (i)* 3 3 3 3 3 
  Modelled (m) 6 3 3 3 3 
 i,p* 2 2 2 2 2 
3 Temporal QF variation (T)      
 
  None  (n) 9 15 15 15 14 
  Fixed (f) 3 3 3 3 4 
  Variable (v) 13 7 7 7 7 
4 Urban Morphology (L)      
 
 Slab(s) 8 8 8 8 8 
  Single layer(1) 10 10 10 10 10 
  Multiple layer (m) 7 7 7 7 7 
5 Facets & orientation (FO)      
 
  Whole (w) 3 3 3 3 3 
 No orientation (n) 14 14 14 14 14 
  Orientation (o) no intersections 5 5 5 5 5 
 Orientation (i) with intersections 3 3 3 3 3 
6 Reflection (R)      
 
 Single (s) 7 8 8 8 8 
  Multiple (m) 11 10 10 10 10 
  Infinite (i) 7 7 7 7 7 
7 Albedo, Emissisivity (AE)      
 
  Bulk (b) 3 4 3 3 3 
 Two facets (2) 4 4 4 4 4 
 Three or more facets (f) 18 17 18 18 18 
8 ∆QS (S)      
 
  Residual  (r)* 4 5 5 5 5 
  Conduction (c) 20 19 19 19 19 
 Net radiation based (n)* 1 1 1 1 1 
 
3. RESULTS 
When the individual model RMSE are ranked for Stage 1 (Figure 1), the Q* RMSE varies between 10 and 107 W m-2 - all but 
four models have RMSE less than 35 W m-2. A similar pattern is evident for QH, although with higher RMSE values (35-130 W 
m-2). Not unexpectedly, the three poorer performing models for QH are those that perform poorest for Q*. For QE, model 
performance does vary (40-58 W m-2), although without a stepped change in performance. It is evident that models which 
perform well/poorly for one flux do not necessarily perform well/poorly for other fluxes (e.g. model 16, 43).  
Comparison of the model performance between Stages 1-4 (Table 3) shows that for Q* and QH the maximum 
RMSE decreases, i.e. model performance improves, with each stage. The mean RMSE, which gives a measure of overall 
change for the models, show an improvement in all stages for QH and QE but only for Stages 1-2 for Q*. For Q* and QH the 
models, on average, have a smaller RMSEs than RMSEu which suggests that the mean performance cannot be improved 
because of a systematic bias. However for QE the mean RMSES is greater than RMSEu which clearly is related to whether or 
not vegetation is included in the models (Table 2).   
Taylor plots (Fig. 2) show that for most models there is an improvement in daytime Q*, although the three 
original outliers are still there by Stage 4. For Q* a number of the models are close to the green square (perfect agreement) 
and by Stage 4 there is one model that is almost perfect. For QH some of the outliers for daytime fluxes are reduced by 
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Stage 4. For daytime QE, model performance suggests least ability to model this flux by Stage 4 but the greatest 
improvement is seen for this flux. At night the performance is generally poorer for all fluxes. The poorest is clearly QH with 
some models having normalized standard deviations greater than 1.5, so they plot outside of the default graph axes (Fig. 3). 
Individual models can be tracked between stages and fluxes (Figure 1, 2). For example for night time QH model 36 shows 
clear improvement from Stages 1 to 3 but not for Stage 4. Clearly there are other models that show consistent 
improvement throughout. For all models at night, for all stages, the correlation coefficient is: less than 0.4 for QE; between 
0.4 and 0.8 for QH; and larger than 0.7 for Q*. So Q* is again the best modelled flux but the daytime performance is clearly 
better; for example the best correlation coefficient is still ≤ 0.99 for Stage 4.  
It is clear that providing additional parameter information at each stage has resulted in improvements but at the 
latter stages the (in)ability of individual models to use that data means a continued net improvement is not evident. The 
latter stages also represent data that it is more difficult to obtain in a spatially explicit way. Here extensive contact with 
architects, builders, building suppliers and planners in the area was used to obtain realistic values. 
 
 
 
Fig. 1: RMSE for each of the 25  models based on analysis of the last 12 months of the ‘alpha’ data set for:  (a) net all wave 
radiation (b) turbulent sensible heat flux and (c) latent heat flux the fluxes: Q*, QH and QE. Also shown in (c) are the 
coloured symbols used to represent each of the models in Figure 2. 
 
Table 3: Statistics ( x =mean, σ=standard deviation, R2 = coefficient of determination, RMSE,u,s = root mean squared error, 
systematic, unsystematic) for each flux by Stage (1-4): minimum, maximum and mean performance of the 25 models. 
 Q* QH QE 
 1 2 3 4 1 2 3 4 1 2 3 4 
x  
(W m-2) 
Obs 78.9 37.9 32.5 
Max 144.6 120.1 120.1 99.4 124.1 125.7 125.7 106.4 43.6 66.8 68.2 68.2 
Min 55.2 62.0 60.7 49.6 35.3 6.0 16.8 5.6 0.0 0.0 0.0 0.0 
Mean 77.6 77.3 75.2 72.6 65.6 50.9 54.6 49.7 11.3 25.1 24.7 25.2 
σ 
(W m-2) 
Obs 212.2 92.9 48.4 
Max 252.3 252.3 242.0 241.7 170.6 170.6 170.9 170.0 56.2 86.4 87.1 88.1 
Min 194.7 193.3 191.3 161.1 65.1 30.0 54.7 77.7 0.0 0.0 0.0 0.0 
Mean 214.4 213.0 208.1 201.4 120.3 110.6 107.3 121.1 19.7 32.7 32.6 36.0 
R2 
Max 1.00 1.00 1.00 1.00 0.79 0.82 0.83 0.83 0.20 0.29 0.27 0.28 
Min 0.68 0.68 0.68 0.68 0.13 0.13 0.10 0.29 0.00 0.01 0.01 0.02 
Mean 0.96 0.96 0.95 0.95 0.60 0.61 0.60 0.70 0.03 0.13 0.13 0.17 
RMSE 
(W m-2) 
Max 107.0 107.0 101.8 101.7 129.0 129.0 124.3 122.1 58.6 76.0 77.2 77.9 
Min 10.4 9.5 8.6 10.9 36.5 36.5 36.1 35.2 40.6 36.5 35.0 34.6 
Mean 30.0 28.6 30.1 33.1 69.8 63.1 61.9 58.7 51.8 46.6 45.8 45.8 
RMSEs 
(W m-2) 
Max 69.8 44.6 44.6 62.2 94.3 93.8 97.6 82.8 58.3 58.3 58.3 58.3 
Min 1.2 2.3 1.4 7.1 7.8 7.8 8.2 11.1 17.9 12.2 11.0 8.7 
Mean 15.2 13.4 15.7 19.0 40.9 36.2 35.7 31.0 46.4 33.4 33.0 30.7 
RMSEu 
(W m-2) 
Max 104.4 104.4 100.9 100.6 99.9 94.8 94.9 94.5 44.5 67.6 68.2 68.9 
Min 6.0 5.8 5.8 6.1 34.9 18.2 27.1 27.7 0.0 0.0 0.0 0.0 
Mean 23.2 23.3 23.4 24.5 54.9 48.9 47.8 48.3 17.7 25.2 25.3 27.4 
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Fig. 2. Normalised Taylor plot with results for each model, for day (upper 3 rows) and night (lower 3 rows) time period, by 
Q* (row 1, 4), QH (row 2,5) and QE (row 3,6) fluxes by Stage (columns 1-4). Plots display the correlation coefficient in 
relation to the polar axis, the normalised standard deviation in relation to the horizontal axis and the normalised RMSE 
in relation to the internal circular axes (Taylor, 2001). Day: 1 h after Q*≥ 0 W m-2; Night: 1 h after Q* ≤ 0 W m-2 
Day time 
Night time 
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